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AQUIFER CHARACTERISTiCS AND GROUND-WATER MOVEMENT
AT HANFORD

INTRODUCTION

In proper environmental situations low and intermediate level
radioactive wastes are susceptible to cither direct dispersal to the environ-
ment or discharge following treatment. At Hanford an estimated 3. 8 billion
gallons of intermediate-level waste containing about 2, 500, 000 gross beta-
curies have been discharged to ground since startup in 1944 through
December, 1958. In addition to these wastes, approximately 35 billion
gallons of normally uncontaminated process cooling water has been discharged
to open ponds or swamps. (1) Such disposal of large volume, low-level waste
to the ground has proved to be effectual and economical - principally because
of the environmental conditions at the Hanford site.

At Hanford, the semi-arid climate, the permeable surficial sediments,
and the det« water table combine to produce a situation wherein most of the
radioactive materials in the waste are trapped by electro-chemical bonds in
the sedim¢« s as the waste percolates down to the water table. Those wastes
that reach the water table move with the ground water toward the Columbia
River; the direction and rate of movement being dependent upon the aquifer

characteristics. The need for detailed hydrogeological studies is obvious.

Geological and hydrological studies at Hanford have indicated what
aquifers are present and their continuity. Pumping tests have been conducted
to determine the field permeability of the sediments, expressed, commonly,
as the quantity of water in gallons transmitted daily through each square foot
of cross section of the material under a hypothetical slope of water level of
onc foot per foot. Permecability, together with measurements of water
levels in wells to give the actual slope of the water table, gives the average
quantity of water moving per square foot of cross section of the aquifer and
the approximate direction in which it is moving. Knowing the effective

porosity of the material and the quantity of water flowing, the aerage
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The withdrawal of water from any aquifer causes the water levels to
decline in the vicinity of the point of withdrawal, and the water table around
this puint assumes an approximate shape of an inverted cone with the apex of
the cone at the point of withdrawal. The over-all size, shape, and rate of
growth of the cone of depression are dependent on the rate and duration of
pumping, the transmissibility and storage coefficients of the aquifer, the
increase, if any, in r« re i1 1ced by tl inir er the
natural discharge that is captured, and the hydrogeologic boundaries of the
formation. The lowering of the water level is dependent on the variables
mentioned above and the distance from the point of withdrawal.

In order to express a general equation for relation among the variables
that govern the magnitude of the unwatering effects, certain basic assumptions
are made. It is assumed that the formation is constant in thickness, infinite
in areal extent, and homogeneous and isotropic (transmits water with equal
facility in all directions). It is assumed further that the water may enter
the well from the full thickness of the aquifer.

ne Nonequilibrium Formula

The relation among the hydraulic prouperties of the aquifer, the rate
and duration of pumping, and the change in water level caused by the with-

(9)

drawal of water is expressed in the following form as developed by Theis:

©
114.6 Q e
- [ T du (2)

1. 87 rs
Tt

where s = drawdown, in feet, at any observation point in the
vicinity of the well {from which water is withdrawn at

a uniform rate,

Q = discharge ratc of the well, in gallons per minute (gpm),
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= coefficient of tranamissibility, in gpd/ft,

r = the distance in feet, {rom the point of withdrawal to the point
of observation,

ficient of sto. e, a dimensionless decimal fraction,
sensibly equal to the specific yield or effective porosity,

t = time, in days, since the withdrawal of water began.

Methods have been developed for analyzing the nonequilibrium formula

° and are described by Brown, (10) 1,(“)

Wenze and others. Theis' "type curve"
graphical method of superposition for solution of the equation was described

- by the writer(lz) for three Hanford tests. It will not be repeated here, but

an ¢ .mple of such an analysis is given in Appendix I. The results obtained

from all four multiple-well tests are summarized in Table II.

Single Well Pumping Tests

In addition to the four multiple-well tests reported above, 22 single-
well tests have been completed at Hanford. All of these were conducted by
personnel of the Geochemical and Geophysical Research Operation with
™ e iipment provided by the Equipment and Instrumentation Operation. A brief

description of this equipment is given in Appendix lI. Figure 1 shows the
locations of the pumped wells.

Each of the 22 wells was pumped for about 8 hours, and measurement
of the drawdown of water level within the well was made periodically. Recovery
readings were made for at least 8 hours after pumping stopped. The draw-
down-recovery ita uvbtained were analyzed by the modified nonequilibrium
method and by the Theis recovery method. The modified nonequilibrium and
recovery formulas are presented in Appendix III, together with a discussion
of the methods and analyses of test data.

The coefficient of tyansmissibility was determined at each of the 22
wells by either or both of the single-well metnods. The results of the deter-
minations, the estimated effective thickness of the aquifer at each well, and
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TABLE II

AQUIFER CHARACTERISTICS AS COMPUTED BY | N-EQUILIBRIUM METHOD

ration

Distance from Or.-

servation Wells -, Number of
Aquifer Well Transmissibility | Coefficient ! Permeafili Test and Nature of, Obscrvation
Tested No. (gpd/ft) of Storagejr {gpd/fnt~) irs) | Hydrological Bouncary Wells
Glacio- t
fluviatile | 636-55-50 3,000,000 0. 20 66,700 8 None interceptcce 3
Glacio- 750 ft to dischasg:ng
fluviatile | 699-62-43 380,000 .06 12,700 9 boundary; 950 f* t, 2
recharging boundary.
Glacio-
fluviatile
and 50 ft to dischareing
Ringold | 699-31-53 108.000 06 ann B boundary {
Ringold | 159-K-10 34,000 7x107° 100 8 1,300 ft to recharg- 2
ing boundary.
e 2o
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from study of adjacent well logs that the unconsolidated deposits are not
homogeneous and that variations in grain size, thickness, and stratification
occur within short distances. Furthermore, misleading results may be
obtained from partial penetration conditions, under which either the pumped
well or an observation well iy not be constructed through the full thickness
¢ the formation. The influence of suchj -t penetration on the resuits
depends on the ratio of vertical to horizontal permeability, the degree of
penetration of the pumping and observation wells, and the distance between
pumping and observation wells. Generally., values of transmissibility
determined by means of the Theis formula from data collected from partially
penetrating wells are lower than the values for fully penetrating wellg. Methnds

(11)

Of COrTecCrion JOr Parit.d pers rd o1 ers Gve @le 0 He "itoitirs 111t

these have not always been found to be satisfactory.

Specific Capacity Tests

The transmissibility of a water-table aquifer may be estimated from
the specific capacity of a well; that is, from the yield per foot of drawdown
in the well. In many reconnaissance type ground-water investigations,
specific capacity data provide the only means of estimating the transmissibility.
A coefficient determincd in this way is approximate and, generally on the
low side because the total drawdown in the well is usually greater than the
theoretical formational drawdown. Besides the drawdown in the formation
itself, the total drawdown in the well usually includes additional head losses
attributable to such extraneous well factors as the size of the well, its
position in and percentage penetration of the aquifer, the type and amount of

perforation in the casing, and the efficiency of development (see following
section, ''Step-drawdown testg'’).

Table IV gives transmissibility values estimated from specific capacity
data for 50 wells at Hanford townsiie {(after which Hanford Plant was named, see
Figure 1 for location). Additional speeific capacity data are included in Table
III. These 50 wells were drilled 1n the early years of the project, chiefly in
1943, 1944, and 1948, before the beginning of any detailed hydrologic
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One recent test (399-4-5) of the underlying Ringold formation indicates a
transmissibility of 21,000 gpd/ft and a permeability of 250 g.pd/ftz. R

Specific capacity data for 7 of the 10 wells in the Richland well field
(1199-15- to 22-) indicate an average transmissibility of about 85,000 gpd/ft.

The : wells tap glaciofluviatile and Ringold sediments so that the over-all

- average permeability approaches 2,000 gpd/ftz. Two of the wells tap only
- the Ringold sediments, and for these the estimated permeability was about S e
60 gpd/ftz. Piper(ls) reported that the permeable sands and gravels T
-~ occurred as channel-fill deposits between older terrace deposits of compact '

clay or siltstone. He estimated an average permeability of about 8, 000 gpd/ft2
from data from four tests.

The Columbia well field (1129-32- to 33-) is adjacent to the west bank _
of the Columbia River. Data from tests of fivc wells tapping the glaciofluviatile T
and Ringold sediments above the Ringold clays indicate average permeabilities ‘
in the order of 1,000 to 4,000 gpd/flz.

- Data from the wells in or near the North Richland well field (1199-37-to

. 40-) indicate that the glaciofluviatile deposits have an estimated permeability of

" about 7,000 to 23,000 gpd/ft2. The one well withdrawing water from both

glacial and Ringold deposits ;ave an average permeability of about 1,000

gpd/ftz, and the three wells tapping Ringold deposits gave permeabilities »5'*#";" '
ranging from about 100 to 300 gpd/ftz.

1 In summary, the specific capacity data for the 43 wells situated in the s
five areas along the west edge of the Columnbia River, as well as for the seven
I wells scattered elsewhere on the Hanford project, permitted estimates to be
made of the transmissibility of the deposits tapped. Admittedly most of these
estimates are undoubtedly on the low side; nevertheless the values subsequently
obtained for average permeability are generally in the same order of magnitude

as those obtained from controlled pumping tests for similar aquifer materials
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Tracer Tests

Field determinations of permeability were made at Hanford by the
velocity method in which one well was used for the injection of dye and
wells down-gradient were used as observation wells. The time rate of
travel of the injected substance through the water-bearing material was
thus determined.

Inasmuch as the velocity of ground water is directly proportional to
the permeability of the material tﬁrough which it moves and to the hydraulic
gradient, the field coefficient of permeability may be computed from

P, = _7_-_;12_9_‘1_ (4)

where Pf is the field coefficient of permeability (gpd/ftz), p is the effective
porosity, v is the ground-water velocity (ft/day) and I is the hydraulic
gradient (ft/ft).

Characteristics of the Ideal Tracer

As reported by Kaufman and Orlob, (16)

a satisfactory tracer {a) should
be susceptible to quantitative determination in very low concentration, (b)
should be entirely absent from the injected water or present only at low
concentrations in the displaced water, (c) must not react with the injected
water or displaced waters to form a precipitate, (d) must not be absorbed by
the porous medium, (e) must be cheap and readily available, and (f) must

not undergo such physical or chemical change during passage through the
ground as to impair the degree of precision of detection.

As the result of laboratory and field studies, Kaufman and Orlob(m)

concluded that sodium fluorescein is probauly the most satisfactory of the
dyes available, but that its use should be limited to granular media free

of organic material and of relatively high permeability (such as at Hanford).
Consequently, commercial fluorescein, or uranin, was used for tracing
ground water at three sites on the Hanford project.

UNCLASSIFIED
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Results of Field Tests

In April 1954, a tracer lest was conducted at the 639-62-43 site
using wells that are 50 feet apart. As reported by Honstead et al,(17) the
rate of ground-water movement was measured at 170 ft/day. For an
effective porosity of 0. 06“2) and a hydraulic gradient of 0. 0026 ft/ft, the
permeability is calculated to be 29, 000 gpd/ftz. In comparison, the average
permeab ty determined from the multiple-well pumping test at this site was

12,700 gpd/ft2. (12

On July 27, 1956, a solution of 100 pounds of fluorescein in 100 gallons
of water was bled into well 699-28-41. Water samplcs were taken several times
a week from well 699-19-43, located about 8,800 feet to the south-southwest.
Concentration of fluorescein in samples was dctermined by the General
Chemical Analysis Operation at Hanford as follows: (a) the samples were
concentrated from 1 liter to 100 ml, (b) the fluorescein was extracted with
isoamyl alcohol, and (c) the fluvrescence of the alcohol phase was measured
with the JACO 200 Fluorimeter. The method can detect one-tenth of one part
per billion, or a reduction in concentration to about 10'9 of the initial concen-
tration. Figure 3 shows the curves of fluorescein concentration as the dye
passed the observation well. At this time the eastern ground-water mound had
not attained the size or shape as shown in Figure 1, and a gradient existed from
699-28-41 to 699-19-43. The buildup of the mound, however, resulted in
anomalous sample results from three other observation wells, and these were

not further evaluated.

On Sceptember 9, 1957, a similar tracer test was initiated, using well
699-24-33 as the injection well, well 699-14-27, located about 11,500 feet
south-southeast as oncobservation well, and well 699-20-20, located about
13, 200 feet cast-southeast, as a second observation well. Figure 3 shows

the time-concentration curves of fluorescein for the two observation wells.

Table VI summasizes the data collected and used for computing field
permeability between the test wells.  An effective porosity of 10 per cent

is assumed for computation of equation ().
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stage this pattern is reversed.

fluctuate in response to yearly sinusoidal changes in river stage.
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On the subsequent falling

The water levels i1n 15 wells at Hanford

A brief discussion of the methods used for estimating transmissibility

from cyclic [luctuation data and an analysis of field data are given in Appendix

V. Table VII summarizes the tentative results obtained.

TABLE VII

{ MMARY OF RESULTS FRCM CYCLIC FLUCTUATION DATA

Transmissi- | Estimated Effec-| Avg. Field ]
Well ibility tive Thickness Permeabgvy
Aquifer No. _(gpd/ft) (feet) (gpd/ft°) | Remarks
Glacio- {699-60-60 S assumcd
fluviatile -61-66 to be 0. 06
-65-72 | 2,300,000 40 57,000 based on
-33-90 result of
-66-103 multiple-
: -57-29 610, 000 35 17,000 well test at
-62-32 790, 000 35 23,000 gite 62-43
north of
Gable Mt.
Glacio- -63~25 130,000 15 1,700
fluviatile -67-717 190, 00Q 120 1,600
and -70-68 240,000 120 2,000
Ringold }-HAN-23 260, 000 42 6,200 S assurncd
o poe 0. 10
-71-84 15,000 100 150
Ringold -72-88 51,000 100 510
-92-38 32,000 100 320

The =2b:0ove indicated values of the coefficients of transmissibility

an permeability are considered tentative estimates.

These data serve

merely to demonstrate the applicability, usefulness, and limitations of the

method described for analyzing cyclic fluctuations of ground-water level.

However,

the results obtained are in the same order of magnitude as those
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repurted previously. Thus, the permeability of the glaciofluviatile sediments

ranges from 17,000 to 57, 000 gpd/ftz; the permeability of the Ringold sediments

rarges from aboul 100 to 500 gpd/ftz; and intermediate values of about 1,000

to 6,000 gpd/ft2 were obtained when considering a section of both glacioftuviatile

i 1R rold ‘:diments.

Other Quantitative Studies

Gradient Method

In the vicinity of the western ground-water mound the Ringold formation

presumably is quite homogeneous, as evidenced by the roughly conical shape

of the ground-water contours (Figurc 1). An approximate value for transmis-

gibility may be obtained by considering the flow through one or imocre of the
cloged contours of the mound. Thus, according to a modified form of
Darcy's law, the gradient formula for transmissibility(ll) is

T - Q. (5)
11,

v*2re T is the transmissibility (gpd/ft), Q is the average cischarge into the

mound (gpd), I is the average hydraulic gradient around the contour (feet/mile),

and L is the length around the con.our (miles).

Considering the 450-foot contour onthe western mound (sce Figure 1),
a weij ted average gradient of 15.3 feet/mile was determined by averaging
the gradients for several segments around the contour. The length of the
contour is about 10.3 miles and the average input to the mound in the
period December 1944-September 1358 was roughly 4,200,000 gpd. From
equation (5),
T - 4200000 _ 57 600 gpd/tt
(15.3) (10. 3}

S8

Newcombe and Stran calculated the transmissibility to be about
25,000 gpd/ft based on similar data for the period 1944-1953. A mont
question was raised by them involving the thickness which should be used for

the aquifer. It was reasoned that under normal conditions the aquifer

UNCLASSIFIED
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consisted of the saturated part of the conglomerate member of the Ringold
‘mation and that undoubtedly the entire saturated part of the ronglomerate
member is used to some extent in the outward transfer of the water from
the recharge mound. But the nonisotropic and layered character of the
material i it preclude an ideal flow pattern vertically across the
stratification downward and lalerally outward from beneath the mound. The
actual shape of the flow net was consequently assumed to be something between
the two idealized concepts of: (a) downward and laterally outward by a uniform
migration in a symmetrical flow net, as is common to isotropic materials,
and (b) an entirely lateral slippage off the mound without deep circulation.
Newcombe and Strand subsequently estimated a saturated thickness of 240
feet, which gave an average permeability of 105 gpd/f’.z. Present knowledge
of the area shows that the effective saturated thickness ranges from 100 feet
in the northeast to 220 feet in the southwest. In any event, the permeability

of the Ringold formation here is probably within the range of 100 to 300 gpd/ftz.

Porosity Determinations

The median specific yield or the available porosity (volume saturated
less the specific retention) of the sediments being used for storage of the
recharged waters of the ground-water mounds was estimated by Parker and
to be about 4. 8 per cent in the west and about 6. 5 per cent in the
east. Newcombe and Strand“s'\ ohtained approximate values for available
porosity by dividing the total amount of water delivered to the respective
plants during the period November 1948-May 1953 into the volume of the
mound's growth for the same period. Thaose quantiti¢s gave a value of about
11 per cent for both the western and castern areas. In a similar manner, the

(6)

writer' ™’ calculated the wetted porosity to be aboutl 6.0 per cent for the
saturated sediments of the western mound and about 7.2 per cent for those
of the eastern mound, and averaging about 6. 4 per cent. These figures were

based on the following data:

(a) Total volume of seditnents affected by rise of water jevels

= 02 billion cubic feet
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gradient. Therefore, the best means of determining the direction of
movement is by drawing lines perpendicular to ground-water contours, from
high to low head (see velocity vectors, Figure 4). Strictly, however, even
a perfect contour map of the water table would show only the horizontal
ction of movement of the ground waler at the water table. The hydraulic
lien et -dimer o1 ., however, and the water mnoves not only
along the water table but aiso to depths below the water tablc and generally

upward again to the water table at some other place.

The ground-water contour maps (Figures 1 and 4) are based on the

measured altitude of the water surface in a pattern of wells (at present
numbering 130), the contour lines representing lines of equal altitude on the
water table or piezometric surface expressed in feet above mean sea level.
The greatest number of these wells monitor the two ground-water mounds
permitting rather accurate contouring in these locations. The relatively few
data available for those areas lying north of Gable Mountain and immediately
northeast of Rattlesnake Hills require liberal interpretation and generalization,
and there may be substantial deviation, at least in detail, from the shape and
position of the contours as shown.

As Figure 4 indicates, the present pattern of ground-water movement

underlying Hanford Plant has changed fundamentally during the 14 years of
(5)

plant opcration, owing to concurrent changes in water-table form. In

brief, the zone saturated by infiltecred waste effluents creates a ground-

water divide, roughly concave to the south and enclosing disposal sites on the

west, north, and east. From the northern or outer flank of this divide, the
artificially recharged waler largely moves radially northwestward and .
northeastward. From the southern or inner flank of the divide, the infiltered
wastes converge and move generally southeastward and then more eastward

in a relatively narrow band.

, Owing to these artificial elements in the pattern of movement, ground
water which enters the area naturally, along Cold Creek valley at the base of
Yakima Ridge and Rattlesnake Hills, presumably now can pass to the Columbia

River only upstream from the western ground-water mound and downstream
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moves more easily than in another, the direction of flow inclines in this
direction. For example, the elongation of the eastern ground-water mound
(Figure 4) is caused by the upwarping of a two-mile wide belt of Ringold
clays which rises above the water table near well 699-40-33 with a general
northwesterly strike. (5) Consequently the water moves much more freciy
through the more permeable sands to the west and thus preferentially in

northwestward and southeastward directions.

A waste contained in a stream of ground water moving from bencath
disposal sites through unconsolidated granular deposits disperses both along
and transverse to the direction of flow. (22) Dispersal in the direction of
flow reduces the concentration of the contaminant if the waste is a slug
temporarily introduced, and gives a warning at a locality downstream of the
approach of a continuously introduced waste stream. Dispersal across the
direction of flow spreads a contaminant more widely but reduces the
concentration. The occurrence of hydraulic dispersion results in some
portions of the waste traveling at velocities considerably exceeding the

average. (23)

Such factors as heterogeneity, anisotropy, and dispersal assume
great importance in determining the path of contaminants 1n the ground
water. Consequently, the estimated mean lateral path of ground-water
contamination shown in Figure 4 is taken to represent the probable minimum
distance of travel from beneath disposal sites W and E to the Columbia
River, R. Inasmuch as the construction of ground-water contours over much
of the path shown was somewhat arbitrary due to scarcity of water-level data,
there may be considerable deviation from the position of the path shown
Furthermore, such contours will be shifted in response to continual changes
in water levels 1n weils caused by fluctuations in river stage and the continuing
artificial recharge of the aquifers by plant effluents. Nevertheless, based
on the hydrologic cenditions inferred in Figure 4, a minimum path from W
to R of about 110,000 feet (about 21 miles) and from E to R of about 95, 000

feet (18 miles) appears reasonable.
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(a) Hydraulic phenomena produce velocity variations in laminar
flow through homogeneous porous media that bring about a
longitudinal mixing of selected intruding and displaced fluids.
A diffuse zone or "'conceniration front" forms rather than a
sharply defined interface. The depth of this zone increases in
‘oportion to the distance traveled due to portions of the intruding

contaminant moving at velocities exceeding the average.

(b) Ion exchange reactions may modify the propagatior of a radio-
contaminant in twn ways: (1) the median velocity of the contaminant
front will be predictably less than that of the liquid front, and (2)
the depth or diffuseness of the front may be modified over that
resulting from pureiy hydraulic phenomena. When the radio- =
contaminant is not selectively sorbed by the exchange medium, A
its front will become increasingly diffuse as it progresses through _ o
the medium., When the radiocontarninant has a selective affinity r
for the medium, as may be the case with strontium or cesium as «
the displacing cation, the front may not become more diffuse with -

distance but rather may tend to sharpen as propagation continues.

Empirical data obtained from radiologic monitoring of wells at Hanford \
have shown that the chemical form of Ruwj in Hanford wastes is little i/
affected by 10on exchange, and anionic components of waste, such as nitrates,
are apparently not affected at all. Sampling of the ground waters in more
than 10 wells near western disposal sites ("W'", Figure 4) disclosed that
nitrate ion traveled about 0.6 ft /day whereas the Rulo6 from the same waste
traveled at about 0. 4 ft/day. (25) The average rate of ground-water move-
ment at that time (1950) was calculated to be about 0.5 ft/day. In another
case(25) radioruthenium moved southeastward about eight miles from an .
eastern disposal site (near "E", Figure 4) in less than vne year at rates
approaching 160 ft/day. Nitrate concentration increased to about 500 ppm
in well 639-20-20 before trace concentrations of Ruw(; in the order of
10 Juc/cc appeared. Thisfollowedarappr »x matlv 18-month period of
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negligible supply of cooling water to the eastern swamp, during which the
eastern mound subsided to the extent that a favorable hydraulic gradient existed
fr¢ site E to well 898-20-20. (5) Subsequent tracer tests in this area (page 26)
confirmed these high velocities.

g 3 AD L N

Additional geological and hydrological information is needed in waste
disposal studies. As pointed out by Theis(ZZ) and others in the field,(ZB) the
techniques of ground-water studies used for estimating ground-water character-
istics give average values - average velocity and average path of flow. In
radioactive waste disposal the average is necessary as a starting point or a
point of reference, but it is not good enough. For instance, the factors of
heterogeneity and anisotropy of aquifers assume great importance in waste
disposal. The important effects of such irregularities in the various geologic
units uponth2 rateand direction of waste movement require that the geology
be learned in great detail and that many wells be drilled to get these details.
During 12 years of continuous well drilling at Hanford since the formal waste
disposal research program began in 1847, 547 wells have been drilled for
various purposes, totalling more than 107,000 {eet. During the next 10 years
it is contemplated that an average of about 11 wells per year totalling about

(26)

are needed to (a) monitor any movement of ground-disposed radioactive

5,000 feet per year will be required for research purposes. These wells
solutions, (b) provide structures for hydrologic investigations permitting
further evaluation of aquifer characteristics, (c) provide sediment samples
for labnratory ewvaluation of ion exchange capacity, permeability, and
mineral content, and to furnish soil column material for crib-life evaluations,
and (d) provide basic geologic (stratigraphic) data. Items b, ¢, and d will
provide data that permit predictions to be made of the probable behavior of
wastes in the ground, and of the paths and rates of travel toward points of
possible exposure. Item (a) will provide information onthe actual behavior,
information that can then be correlated to the data from which the predictions

are made.
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Because knowledge of the processes of dispersion is incomplete, this
phenomenon must be further investigated in the field since the effective
dispersgion in the field is probably larger than indicated by laboratory experi-
ments. A special 13-well field-scale facility for the study of d »ersal
phenomena during movement of ground water is under construction at the
699-62-43 site.

A geophysical seismic program is also buing considered. It is expected
that such a technique would improve forecasting of driliing needs, positioning
of wells, completing of drilling projects at faster rates, and reducing over-

all drilling needs. (26)

In conclusion, a hydrogeological survey of waste-disposing sites must
be extremely thorough. The current state of knowledge concerning aquifer
characteristics and ground-water movement at Hanford has been presented
herein. Estimates nave been made of the aquifer volume a waste would occupy
under certain stated conditions, the average rate at which the waste would
travel, about where it would discharge into the Columbia River, and the
approximate path it would take to get there. However, a considerable expansion
of basic knowledge of ground-water movement and the geochemistry involved
is required in order to insure that the geology and hydrology have been
properly interpreted. (22)
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r,
adapted by Raymond. (15)

Tre shaped-charge perforating equipment consists
of the shaped charges, primacord and detonators, carriers or guns, wire
line, cable head, port plugs, primacord terminal unit, tandem connectors,
end plugs, casing centralizers, various gaskets and "O' ring seals, and
the blaster. The perforators are 10-gram charges of waxed RDX explosive
-1 0 st con ners. The carriers which locate 1d support the
charges in the well are heavy-walled steel tubes wiih holes drilled through
the wall and tapped to accommodate the charges. Gasketed aluminum plugs
arc screwed in against the charges to seal out water prior to detonation, and
to retain the charges in position. Each carrier is 5 feet long, 5 inches in
diameter, and will support 64 charges. Shot planes are at intervals of
3 inches along the carrier; each group of 4 shots is placed 45° further
around the axis than the preceding four. Figure 7 shows an assembled
carrier ready to be placed in a well.
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In general, it is not possible to determine the storage cocfficient §
from observations within the pumping well because the effective radius of
the well is not known. In a well finished in unconeolidated materials, the
water level in the pumped well is lower than the waier level in an equivalent
1 :ased hole by the amount of friction loss through the casing perforations or
the well screen. If development of the well : incomplete, the packing of
fine material in the formation adjacent to the well openings can greatly reduce
the permeability and result in an effective radius which is considerably less
than the nominal drilled size.

The modified nonequilibrium method of analysis is illustrated below
(see "Test Procedure and Analysis of Test Data').

Theis Recovery Formula

A useful corrolary to the nonequilibrium formula was derived by
Theis(g) for the analysis of the recovery of a pumped well. If a well is
pumped for a known period of time and then shut down and allowed to recover,
the residual drawdown at any instant will be the same as if the discharge
of the well had been continued but a recharge well with the same flow had
been introduced at the same point at the instant the discharge stopped. For

ordinary conditions of application the equation simplifies to

264 Q t
T = log g — (12)

s’ t,
where s' is the residual drawdown at any time during the recovery period
(the difference between the observed water level and the non-pumping water
level extrapolated fromt he observed trend prior to the pumping periond); t
is the time since pumping started, and t, is the time since pumping stopped.

When residual drawdown (or water level) is plotted on the linear scale
of semi-logarithmir paper against the ratic t/t, to log scale, a straight line
should result, the analysis proceeding in much the same manner as the
modified nonequilibrium formula. Again, it is not possible to d-termine the
coefficient of storage from the observations of the rate of recovery of a

pumped well unless the effective radius is known.
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Test Procedure and Analysis of Test Data e

The data collected during the pumping test on well 689-26-15 are
presented for analysis as they are representative of data obtained from the

majority of tests conducted by personnel of the Geochemical and Geophysical
Research ation,

Well 699-26-15 was pumped for eigﬁt hours on July 1, 1958, and
measurements of the drawdown of water level in the well were made frequently. =T
The non-pumping or static water level stood about 55 feet below the top of
the casing. The initial pumping rate of 260 gpm was reduced to 250 gpm after
35 minutes. Measurements of the recovery of water level were made
frequently for five hours after pumping stopped and intermittently thereafter R -
for a total of almost 17 hotirs. Figure 8 shows the drawdown-recovery

hydrograph for the well. The data on which Figure 8 is based arc included e e
in Tables IX and X.

Figure 9 includes a time-drawdown curve and a time-recovery curve. Do
The drawdown curve is obviously affected by the change in pumping rate. The
recovery curve was obtained by plotting the amount the water level had raised
from the extrapolated drawdown (see Figure 8) against the elapsed time after
pumping ended. Theoretically, the recovery curve and the drawdown curve
should coincide. If the pumping rate had remained exactly constant through-
out the pumping period of the test, if the aquifer had been in exact hydraulic L
equilibrium before pumping began, and if all the assumptions cf the non- i
equilibrium method were exactly true for this particular test, this would o
have occurred. However, these conditions are rarely coinpletely met in

the field, and the recovery curve will usually depart slightly from the 1
drawdown curve.

Figure 10 includes a plot of residual drawdown versus the ratio t/t,
and shows the resulting straight-line plot passing through the origin. A
second curve shows thc observed recovery of watcer levels after pumping
stopped. This ""modified" curve does not reflect the total recovery, hence =5
the calculated transmissibility is somewhat higher than that obtained from
the Theis recovery formula. The data from which the curves of Figure 10

were drawn are included in Tables 1X and X. \
UNCLASSIF'IED




-
I3

-
1
I
13

»
T

Water Level, in Feet Below L.and Surface

QAIAISSV1ONN

0 100

200

Time in Minutes

600

HoQ 900

1 ! . I

} R

55 100 400 500
T H 1 i [ 1 R { | l
Extrapolated Antecedent Water Levels
{p-o_ur._____._.__.._._ —— . —————— — -f———_—-_— -——— - —— ]
Residual
56 }—

58

T

68

69 b—

70 b—

a

L—— Q = 260 gpm

I I

Drawdown
(15,49 ft.)

|| |

Drawdown

Extrapolated Drawdown

¥ o - P -

L L1

Mﬁ_—v—o—_‘-

Total Recovery

(15.46 ft.)

A T R o ket o

t = U, Pumpiag Started

t = 300

FIGURE 8

t' = 0, Pumping St ed

Hydrograph for Well 689-26-15

t; = 300

QAETAISSVIONN

10909-MH









UNCLASSIFIED

1000

66,500 gpd/ft.

T = 264 Q

SR )

T = 264(252)

100

Recovery:

.

+
i
i

Recovery Data

L

]

-1

ol
[+

}

10 gpm

o
o
0.91

10

4AQ

Data
/|

Drawdown

Drawdown: T = 264(252) = 73,000 gpd/ft.

Ll S AR T)

e

16.
.5

16

JdC umopwead = 8

HW-60601

. 689-26-15

= Time in Minutes
FIGURE 9
Time - Drawdown (Recovery) Curves for Wi

t

UNCLASSIFIED



















o -,
[

‘‘‘‘‘

aaaaaa

UNCLASS IED -64- HW-60601

The graph in Figure 12 was prepared by computing the theoretical
drawdown, using the Theis nonequilibrium formula, in 8-inch diameter wells
for various coefficients of transmissibility and storage, computing the
specific capacity (assuming wells having 100 per cent efficiency), and plotting
the specific capacity against transmissibility. The resulting lines cover a
range of S 0.05 to 0. 20 a pumping per 1t =8 to 24 hou Thy
variables are those most encountered at Hanford. The graph may be used to
determine the approximate coefficient of transmissibility of an aquifer in an
area where the specific capacities of wells are known. Furthermore,
determination of the approximate specific capacity of a proposed well ending
in an aquifer having known hydraulic characteristics is often helpful for
water well planning purposes. Although determinations made from the graph
may not be exact, owing to unknown factors that must be estimated, neverthe-
less the graph serves as a "yardstick' for approximation as well as for
illustration of the relationship between specific capacity and tranemissibility.
Values for T estimated from the graph are in the same order of magnitude as
those estimated from equation (14).

The dashed line in Figure 12 is the least squares linear estimation
line of the plotted points "x'. These points are the values for transmissi-
bility and specific capacity derived from cuntroulled aquifer tests (Table III).
A comparison of the theoretical specific capacity lines, based on 100 per
cent efficiency, with the specific capacity determined by field test, indicates
that on the average the wells pumped at Hanford are only about 25-35 per cent
efficient.
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The third incremental drawdown of 0. 48

feet resulted from s 155 gpm increase of pumping rate to 360 gpm. (Note:

customarily, the periods of pumping are of one hour's duration. )

The step-drawdown calculations are arranged in tabular form shown in

Table XI.

-ABLE XI

STEP-DRAWDOWN CALCULATIONS

Q As Sw 5. /Q ‘
Pumping Rate |Incremental Drawdown | Drawdown at Q w
| Sten {gpm) (fcet) (feet) (feet/~mm)
1 105 0.13 0.13 0.00124 ‘:
2 205 G. 20 0.33 0.00161 |
3 360 0.48 C.81 0.00225 :

The values sw/Q and Q are plotted on arithmetic coordinate paper as
Figure 14. From the line through the points of Figure 14 the
following equation was determined: s, = 0.00082 Q + 0.0000040 Q2, which

is the form of equation (15) and is the approximate equation for the draw-

shown in

down in well 699-55-50 #1 for the stated pumping period. Figure 15 shows

a plot of this equation and the observed drawdowns for several pumping

rates.

The plotted points are taken from the following table:
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FIGURE 15

Drawdown - Yield Curve for Well 699-55-50 #1
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TABLE XII

CALCULATIONS FOR DRAWDOWN-YIELD CURVE

2
B, = BQ + CQ

s, = 0.00082 Q +0.0000040 Q?

s
w
BQ cQ? Theoretical BQ/s
Pumping Rate | Formation Loss | Well Loss Drawdown w
(gpm (feet) (feet) (feet) Well Efficiency
105 0. 09 0.04 0.13 0.70
205 0.17 0.17 0.34 0.50
360 0.30 0.52 0.82 0. 37
500 0.41 1.00 1.41 0.29
700 0.57 1.96 2.53 0. 25

A quizk estimate of the well-loss constant C may be obtained by

solving the equation e =m0
A8y _ As, B

C = (16) ,
AQ3 + AQ2

where the As terms are the incremental drawdowns obtained at successive
increases in pumping rate AQ. From Figure 13 and Table XI, where :

- - " - F — . —
A33 = 0. 48, Asz-O. (.O,AQ3 = 155, and AQ2 = 100:

0.48 0.20

C - 155 100 - 0.0031 - 0.0020 = 00000043

155 + 100 255

Such an estimate is of value for multiple-step-drawdown tests of very short
pumping periods or where turbulence of the water in the well precludes

continued accurate water-level measurements.
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APPENDIX VI

ESTIMATING TRANSMISSIBILITY FROM CYCLIC FLUCTUATION DATA
(32)

Ferris has shown that the equation for the range of ground-
water fluctuation in an observation well of known distance fr the aquifer
contact with the surface-water body, whose stage changes sinusoidally, has

the non-dimensional form:

s = 250 e-4.8XJT-S:r_ (17)
where
8. = range in ground-water stage, in feet,
8, * amplitude or half range of river stage, in feet,
X = distance from the observation well to the surface-water
contact with the aquifer ( ''suboutcrop'), in feet,
ty = period of the stage fluctuation, in days,
S = coefficient of storage,

T = coefficient of transmissibility, gpd/ft.

For convenience equation (17) can be written:

r 8
r
- -log. 2s )
2. IJFS‘T - 101 o (18)
o X

The right-hand member of equation (18) may be represented as a
slope by plotting on semilog paper the logarithm of the average range ratio
(sr/ZSo) for each well against the respective dislance (X) of each well from
the river. If the change in logarithm of the range ratio is selected over vne
log cycle, the numerator of this slope expression reduces tc unity. Thus,
equation (18) may be reduced to T = 4.4 (AX)2 S/!O. Figure 16 roughly
illustrates this method, and shows the plotted points for five wells which are

located in the eastward trending glaciofluviatile channel north of Gahle
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